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QCD phase diagram
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* Study QCD phase diagram at high net-baryon density
m At high net-baryon density and low temperature, first order phase transition
is expected which will end at a critical point (CP)

m CBM program supplements the Beam Energy Scan Program at RHIC, NA61
at SPS, NICA at JINR

Ref: CBM: EPJA 53, 60 (2017); PRC 74, 047901 (2006)

Subhasis Samanta January 24, 2020; AGH, Krakow 2/34



Observables for CP search

Au+Au Collisions at RHIC
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* Higher moments of conserved quantities are sensitive to correlation length
((6Ng)?) ~ ¢ ((0Ng)?) ~ (*> ((0Ng)*) ~ (T

+ Non-monotonic variations of So = C3/Cy, ko? = C4/Cy with beam energy
are believed to be good signatures of CP

Ref: STAR: PRL 112, 032302 (2014); PRL 102, 032301 (2009)
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CBM experiment

107

Fixed target experiment
SIS 100: Au + Au collision, \/syy = 2.7 — 4.9 GeV

*
*
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Challenges of higher moments measurements at CBM

* Particle identification

* Non-trivial variations of efficiency x acceptance with pr and rapidity (proper
method of corrections needed)

* Proper vertex identification in multiple collisions

Ref: CBM overview talk at QM2019 by Viktor Klochkov; EPJA 53, 60 (2017); The CBM Physics Book, Lect. Notes Phys. 814, Springer 2011;
PRC 75 (2007) 034902
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Simulation details

* Event generators: UrQMD

* Collision: Au+Au

* Energy: E;,;, = 10 AGeV
(v/snN = 4.72 GeV)

* Events: 5 M (minimum
bias)

TOF ECAL

Detectors used:

MVD, STS, RICH, TOF
MVD: Vertex information
STS: Momentum information
RICH: Electron identification
TOF: Hadron identification sis100 setup
Detector acceptance:

1.5<n<3.8(25°>0>25°
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Track selection

Distributions before applying cuts:
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Particle identification using TOF

Detector provides time of flight (¢)

|

p/q (GeV/c)

* Clean particle identification for bulk properties studies
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Centrality selection

* Centrality detectors: STS, PSD
m Detector used: STS
To remove auto correlation in net-proton study
* Charge particles selected excluding p,p

* m? < 0.4 (GeVZ2/c*)
g ey ] 0-5 Nen > 71
L S weosgories 1 5-10 60 < Ny, < 71
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102 1 40-50 16 < N, < 23
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Multiplicities are uncorrected for efficiency and acceptance
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Proton (anti-proton) selection

Mass square cut:

0.6 < m?2 < 1.2 GeV?/c*
Rapidity acceptance:

pr acceptance:
0.2 < pr <2GeV/c

ity
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Au + Au
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* Purity > 96 %

* Efficiency decreases at high p7 due to the
detector acceptance

* Efficiency for 0-5 % and 70 -80 %
centralities are ~ 62 % and ~ 46 %
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Proton (anti-proton) multiplicity distributions

1.08<y <208
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Uncorrected distributions for efficiency and acceptance
Subhasis Samanta January 24, 2020; AGH, Krakow 10/34



Proton (anti-proton) multiplicity distributions
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(Uncorrected distributions for efficiency and acceptance)

* Proton multiplicities follow negative binomial distribution

* Number of p is very less compared to p
P/p="7.8x10°(0-5%),p/p = 2.5 x 1074 (70 - 80 %) from UrQMD)

* Proton distributions are skewed more to the right side of the mean
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Net-proton multiplicity distributions
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Uncorrected for efficiency and acceptance
* Mean and variance decreases from central towards the peripheral
collisions
* Distributions are skewed more to the right side of the mean
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C,, of net-proton vs centrality (%)
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Subhasis Samanta

Centrality (%)

Centrality bin width correction
Cn = Zr wrCn,r

wr - Zr nr

sum is over multiplicity bins

* CBWC done to suppress
volume fluctuations

* Statistical error

estimation is done using
Delta theorem

Ref: Advanced Theory of Statistics: Vol.1, London (1945);
Asymptotic Theory of Statistics and Probability, Springer

(2008); JPG 39, 025008 (2012); JPG 40, 105104 (2013)
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Correction of cumulants of net-proton using Unfolding method

Algorithm used: RooUnfoldBayes o e —onm ] S100 u Vs ]
Relationship between measured and true & vaw.canceum ‘o o]
distribution: y = Rx oL & ®oee 1 b @ E
y = measured, x = true, R = response 4 W, i
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*We are able to get back cumulants of "True’, even if the efficiency is
non-binomial and has non-trivial dependence on py and rapidity

Ref: NIMA 362, 487 (1995)
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Ideal Hadron Resonance Gas model

* System consists of all the hadrons including resonances (non-interacting
point particles)
* Hadrons are in thermal and chemical equilibrium
* The grand canonical partition function of a hadron resonance
gas: InZ=>,InZ
* For i th hadron/resonance,
InZi = SEBm2T 5% (+1Y (2 j2)Ka(jmi/T), z = exp(p/T),
pi = Bipp + Sipg + QL/LQ

m The + (-) sign refers to bosons (fermions)
m The first term (j = 1) corresponds to the classical ideal gas
m Width of the resonances are ignored
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Success of IDHRG
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* IDHRG prov1des a satisfactory description in the hadronic phase of
continuum LQCD data

* Can describe hadronic multiplicities
S. Samanta et al. JPG 46, 065106 (2019); LQCD data: A. Bazavov et al. (HotQCD), PRD 90, 094503 (2014), Andronic, A. et al. PLB673, 142

(2009)
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Problem to quantify ygs, Cgs
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Ref: A. Borsanyi et al., JHEPO01, 138 (2012)
» IDHRG fails to describe ygs, Cps = —3x55/X%

= Interaction is needed
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Classical Virial Expansion (Non-relativistic)

P= zg (1 + (%) B(T) + <%7>ZC(T) + ) I

* The first term in the expansion corresponds to an ideal gas

* The second term is obtained by taking into account the interaction
between pairs of particles and subsequent terms involve the interaction
between groups of three,four, etc. particles

* B,C, ... are called second, third, etc., virial coefficients

Second virial coefficient

Uis is the two body interaction energy
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Relativistic Virial Expansion

InZ=1InZo+3;,, 2122b(iy, is)
blir,iz) = 2% | 2L fdsexp( Bp? +¢2)%) [{87148 - 25 s}]

aa - R — aa,ab - R — ab,aab — R — aab ete.
% 21 and zy are fugacities of two species (z = e®*)

* The labels i1 and is refer to a channel of the S-matrix which has an initial state
containing i; + ig particles

Second virial coefficient

b2 = b(il,iz)/v where il = i2 =1

s=0 K P
mr —- R — 7w
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Interacting part of pressure

by in terms of phase shift

86 5
by = 337 [or dec?Ko(Be) Y11 8115 ( )
B
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2122 ) ’ (9511(8)
= 27r3ﬂ2/ dee“Ky( ﬂe)z e

11

* Interaction is attractive (repulsive) if derivative of the phase shift is
positive (negative)
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K-matrix formalism (Attractive part of the interaction)

Scattering amplitude: S,;_,.q = (cd|S|abd) |

Scattering operator (matrix)
S=I1+2T
SST=81S =1

(T +iDt =T +iI ]

K 1=T"14iI, K =K' (.., Kmatrix is real and symmetric) )
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Phase shift in K-matrix formalism

ReT=K(I+K?) ', InT=K2I+K?) '=ImnT/ReT =K J
mpgl’ S
Kab—)R—)ab = Z R R;ab(f)
R mR — 8

Resonances appear as sum of poles in the K matrix
v

Partial wave decomposition

Sl = exp(Ziél) =1l ZLTZ
= T; = exp(id) sin(¢;)
Re T = sin(4;) cos(d;), Im T = sin®(%))

K =tan(5;), & =tan"1(K) J
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Phase shift: Empirical vs KM
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* Good agreement between the empirical phase shifts of resonances and the
K-matrix approach
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Comparison between K-matrix and Breit-Wigner approach

12 M — 8 kM
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and f; (1500) (mg = 1505 MeV, T'y = 109 MeV) and f;) (1500) (mg = 1505 MeV, T'y = 109 MeV)

* KM formalism preserves the unitarity of the S matrix and neatly handles
overlapping resonances

S. Samanta et al. PRC 97, 055208 (2018)
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Ideal gas limit

* For a narrow resonance, 511 changes rapidly through 7 radian around
E=MmMR

* 5{ can be approximated by a step function: 511 ~ O(e —mg)

* 00F /0e ~ m6(c — mp)

a6!
bo = gay | de=tKale) > su 1)
3 5
25 gIémRTKZ (,BmR)
g ? 2m
o 15
1
0.5 , KM —— Pint = Tzlngz = Psi J

0
06 07 08 09 1 11 12 13 14
£ (GeV)

* Pressure exerted by an ideal (MB) gas of particles of mass mpg
* This establishes the fundamental premise of the IDHRG model
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Repulsive interaction from experimental data of phase shift

’f = i o o * NN interaction:
15 f| o b by — .
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OZ I 05 N e interaction: 53
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* %(1660), X(1750), X(1915), A(1620)), A(1910), A(1930), N(1720) etc. are
included in the repulsive part

Ref: SAID [http:/gwdac.phys.gwu.edul]
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* KM: Attractive

interaction

Total: Attractive +
repulsive

Both KM and Total
contain
non-interacting
part as well
Repulsive
interactions
suppress the bulk
variables
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X% — X3 and Cgg
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* X5 — X3 is non-zero

* For Cgg: Improvement compared to IDHRG

S. Samanta et al. PRC 99, 044919 (2019)
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Excluded volume hadron resonance gas model

-—— iy

-

* Hadrons have finite hard-core radii. (P(V — Nb) = NT)
* b=V, = %wR3 is the volume excluded for the hadron.
* Pressure and chemical potential in EVHRG model:

P(Ta M1, 12, ) = Zpid(Ta ﬂ17ﬂ27 ")7

14

ﬂi = [ — ‘QUJ‘IJCP7 M1, (12, )
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van der Waals interaction in HRG model (VDWHRG model)
2
<P+ <Z¥> a> (V — Nb) = NT,

NT N\? T 5
P<T’”>—m‘“<v> =1 @

where n = N/V is the number density of particles.
P(T,p) = Piy(T, ;") —an®, — p* =p—bP(T, 1) — abn® + 2an

o (T, ")
1+bng(T, p*)

*a=0 = EVHRG
*xa=b=0 = IDHRG
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Extraction of parameters a and b

a = 1250 + 150 MeV fm3, » = 0.7 + 0.05 fm J

2 (RiLJQCD (T;) — R?}odel(Tj )2
=) (AILJQCD(T‘))z ,

ij J

LQCD data of P/T*,c/T*,s/T3,Cy/T? and x% at ;1 = 0 have been used to
calculate y2

a = 329 MeV fm?, r = 0.59 fm J

By reproducing the properties of the nuclear matter (ny = 0.16 fm—3,
E/N = —16 MeV) at zero temperature

Ref: V. Vovchenko et al., PRC 91, 064314 (2015)
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Results- VDWHRG model
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S. Samanta et al., PRC 97, 015201 (2018)

Subhasis Samanta January 24, 2020; AGH, Krakow 32/34



Phase transition in VDWHRG model
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* Observed first order phase transition

* Critical point at T' = 62.1 MeV, ug = 708 MeV

* Comparable the CP obtained by using the holographic gauge/gravity
correspondence

S. Samanta et al., PRC 97, 015201 (2018), Holographic: PRD 96, 096026 (2017)
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* Studied the feasibility of doing fluctuation analysis with conserved
charges in Au+Au collisions at 10 AGeV with CBM detector using
simulated events from UrQMD.

* Clean proton identification with high purity is possible and hence one can
study the net-proton (proxy for net-baryon) higher order moments using
CBM detector.

* Efficiency and detector effects were corrected for using unfolding
techniques and original distributions and cummulants recovered.

* An extension of HRG model is constructed to include interactions using
relativistic virial expansion of partition function (S-matrix formalism)

+ Effect of interaction is more visible in X%, X% — x5 Cas

* We find a good agreement for the Cgg (without adding extra resonances)
and lattice QCD simulations
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Thank you
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